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DYtWIC Plasticity IN TUNSITION FROMTliEMAL AtiIVATION TO VISCOUS DRAG

J. N. JONNSON ●nd D. L. TONKS

Tlmorocical Division, IAS AlmmoB National bboratory, IAS Alamos, NN 87545

For low-co-lntormmdiato rata- of -chmlcal loading, plmmcic deformation is controlled by
tharmal activation or maehanical Pmnmtration of dlslocationm through barrhro. ThoM barriarm
cm b. ●oluto atomc, impuritioa, or, in tho cam of wry puro matorlal~, othor dialocacion-.
At somm peinc botvoon intarmmdlata ●trtin rates (10 - 10~ ●-l) ●nd tha higtmr strain rmtom

(lot . 10? ●-l) •~~ociatod with v.ak.mhock coqrGm~lOn, tha plastic doforution proceaa ukos

a transition from baln& dominaccd by strams-asaiotod thormml ●ctivation to bmlng controlled by
the tiw it takoa ● mobilo dislocation to got from onm barrier co tho nmxt: this latcor CIM
doponds on tho ●ffactivo otrass ●nd viacoum-drag forco providod by cha porfact lmttica. son,
of tha modalm that daacriba this procoas ●rm rovlawad, ●long with various hardening
mmchaniarnm Dintinctlon 1S mada botwosn mimpla rsto.dopandont model- (in which thr shear
otras~ dopondo on tho current pla~tic strain rat. ●id plmotic otrain) ●nd path-dapondant

modolm (in which the ●hoar ●trams dopondo on cha currcnc plaatic scraln rat. and all past
history through on,, or moro, incarnal-ccatb variable-). A vay in vhich nhock-uave data can

bw ~sod to ●xton4 intormadiata ●train-rato medals into tho viocous.drq regime ic doscribod.

1. ItrI’RorrucTIoN

A wjor challmngo co #bock compression

scientists has boon tha inforonco of dymmlc

nochanlcal propartics from limltad “raal.time”

~ail~e records, ●hock-rocovory •~pmrimrltm ,

lo.-to.intarmsditto ●train .ato data , ●nd

roaoonablo, physically based micromachanlcal

●ode ls. Tho cycllc proroas of cxparlmant/

theory ham boon goln~ on ●var nlnco Pack,

Evanm ,
1

●nd Jamos obtainad tha first indiract

●vldonco of ●n ●lattlc procurmor in ●xplos.

ivoly loadod #tool, Of couroo, matarialn

●c\ontists )rJva bcon mmasurlng ●nd modallng

low-to.intcrmmdluco mcraln. ratm bahavlor for

●om timo It 1s only lately that w. havo

bagun co mars- thoma tvo rogimos, Recant

dlscursiona ra~ardln~ lntommdiato ●traln.rato

data (particularly for coppar) havo focumsd on

●n lncrllamo in ●traln-rato ●an~itlvity for

nltial ●m-

change 111

mctlvatlon

Furthar cxparimmntation and lntarpratatlon

havo ●uggc-tod that noms part, or all, of chm

incroama in strain.rata smrmitivity for OFE

coppor la duo to rata-dapandant hardcnlng of

tho mechanical throchold ~trono,
6

●t laast to

a ●aximum strain rata of Jpproximatoly 2 x 104

●.l, Tha ●echanical thr.ohold .tr.m.

(abbrovlstod MTS hare) in doflnad to ba the

yield ntrorr~th ●t O K, Tonka ●wl Johnson7

●xamlnod ●hock.wavo data for coppor in terms

of tho M’TS modal, and concluded that the

dlclocatlorr.dr,jg rc~l~ vat rcschad for ~hock

amplltudas of 3.0- ●nd 5,k.C?a, Tho S:opo of

the prossnt pspar IS (1) to rovlow ●odal~ that

combirm thomal ●ctlva, (on ●nd dislocation

dra~, (11) to samons tham in tsrms of current

●nporimantal data in both the 10W.CO.

lntarmodlato (10.4 . 104 S-l ) ●nd plate.

impact (105 - 107 O.l) otraln. raco rmSimO~,

●nd (iii) to prost.lt ●n ,scimato of whoro tho

trancltlon betwaon tha twn d?fomatlon ●ocha

nismm occurs for OFE coppar,

I



2. HODEM AND MRDENINC tfECHANISILS

2.1. pa

Clifcon2 gives tho ●arlia~t and moct com -

plotc dimcusion of transition trom thermal

●ctivation to dislocation drag in shock-loaded

solid4, with ●pocific ●pplication to 6061-T6

●luminum. Tho pla~tic ●crain rata ;P is

ralmtad to the magnituti of tho Burgers vector

b, cha mobil, dislocation hn~ity ND, ●nd th~

sv~rago dislocation

cho Orowan ralation:

iP -b N. V .

valocity ; ●ccording to

(1)

Tho notion of di~locacion- dua to an spplied

stroas r is viawmd •~ being compongd Of

tharmal activation throu~h dinporso local

obstaclos and vlncoua glide through tho clasr

ragion batwam obstaclam of ●pacing L. Hone.

;-L/(cl + CY) , (2)

whoro tl lB tha tima for tharmal ●ctivation

●nti t~ is tho time for traveling co tho n-xt

obscacla:

t] - uc!- ‘(oxp[AC(f)/kT] - 1} , (3)

tz - L/v(r) , (4)

whoro

AC(7) - AGo(1 - [(? - t~)/?p] 2/3,3/2 (5)

1- tha dlff~ranco batwocn tht Cibbo fri~

●rmrgico ●t ●djacant ctabla ●nd metn-trnblc

●quilibrium pooltlonfi, rt in tho mzgnltudc of

tho lonS-r#ngo rooldual ntr~on, rp is the paak

ntrann rtquircd to mechanically ovarcome tho

obmtaclm, T 1- tho #bnoluto tamptraturo, and

v(r) 11 tha dltlocatlon V@locity duo tO

vlmcous drafi 111 the claar roolon batwoon

ob-taclos. Tim tormc MO ●d AGo raprasont ●

●tcampt fraqumnc:~ and peak ●ctivation ●mrgy,

ronp-ctivoly. Ths -1 tam in Equation (3) 10

introduced to ●r.mura that tl+ at T-fs+fp; in

regions for which AC ia sufflciontly large,

Eqution (3) roduccn to tho usuml .xpraanion

for thomal ●ctivation. Gormrally v(f) io

taken to b. of tho form

V(r) - br/B , (6)

whcra B 1S tho drag coafficiant, uhich becomes

infinitely larga ●n v ●pproaches CI, the

●le~tic ●hear wave ●peed; this ha= ths ●ffect

of limlting v to tha rcglon bet .en zero ●nd

cc Combination of Equatione (2)-(5) then

leadm to the following ●xprenston for ~ in the

trarmition rekion:

; - 3AJo(oxp[AC(r)/kT] - 1 + bo/v(r))-l

(7)

The behevior of ~/ca ●e ● function of ? is

shown in Figure 1. The plastic strein rate is

then obceinmd from ~ and Equation (1) with

●ow ●-bwptiono concerning cho ■obilo

dinlocatlon dmeity N- ●- ● funccion of the

pla~tic ●train,

The ●ejer thruot of thin work involvc~

shock-weve re~pon~-, not intermediate ●train-

reten in the thermal ●ctivation regime, and

hence detall~ of where the tranotlon reSion i-

locatmd ●re not inve-tigeted. A significant

conclusion of thiB work ie that tho approxi-

mately lineer reletlonehip for dislocation

velocity, Cqu*tion (6), cannot ●uccensfully

predict the dlnper~lvo nature of wavo profiles

●t low impect velocltiei while ●lno ?redicting

fast rinin~ -hocks ●nd ●pproxinately steady

vave e ●t 1 m from tha impact surface in

6061-T6 almlnum for ●y9etric impact

volocitle~ on the order of 0.5 km/n
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FIGURE 1
Transition to dislocation drag
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Exporimwital data on tantalum st ●trairr.
-4

tG lo” s
-1

rstos of 10 havo bean ●nalyzed by

~Oge ●“td t4uhkerjoe3 in terms of thermal acti-

vation in combination w!th transition to dis-

location drag Their oxprossion for the

svarmgo dislocation velocity is

.1; - boIaxp[AG(?)/kT] + boBo/2c’tr) , (8)

whcro the activation ●nargy i, of the form

AC(?) - 2Uh[l . (r’/rp)]2 . (9)

In Lquaciona (8) ●nd (9) r’ in cho thcrmsl

romponnnt of the straoa (the difformco

bttwaan the measurad flow otross r and tho

●thoroml, long.ranSo, intnmal back ●trorns rt)

●nd 7P lC tho ?oiorlc ●tress, Tho

olmilaritics to tho ●rrproosiotm of Cllfton2
4

●nd Follarrmboo, Rogazxoni, and Kockfi ●re

●pparent Tha compnrlson of thio ●odal w’th

axporlmental dmta on tantalum 1, shown i!,

FISurc 2+ Tho transition from thermal ●cci-

vation to dislocation) dta~ 1s gradual &/id

tukao plsco st ● strain rat. of ●pproximately

IOg,ov(a”)

FIGURE 2
Theory ●nd data for tantalum

103 s-l.

Steinberg and Lund8 have ●PPl iod the

results of Hog@ snd Huhk_rjaa to ● computor

algorithm for simulation of shock comprosaion

in rantalurn In this work r ●nd f’ ●ro inter-

“P in Equationprstod ●s yield strengths, and c

(1) 18 taken to b. the total strain rate

rathsr than the plaatic strain rat-. There -

for., comp.~rison to standard, physically baaed

Lntcrpretationc is difficult.

2.3. ~~

Follansboo, Ro~azzoni, ●nd Kocks” follow s

●athod very similar to that of Clifton2 in

doscriblrg t.ho tho drmmatic incrcasa in

strain.rccs sonmitiVit.y far strain ratee

mxceadin~ 103 ●
.1 in copper, The ●trein.rate

dependence of tha flow stress in copper ●t ●

●train of 15 percent i- shown in Figure 3

In thie model, the ●nercy for thormel

●ctivation is ●xpretsed in term of the

“thromho!.d mtross= rm, the flow ●treec ●t O K.

The measurement of ~m in thio work uac done
.1

●t ● ●train rate of >500 s ●nd ●o mtrictly

●pplie~ to the internal (wtellurgic*l)

●truct~re produced ●t thio ●train rate It 1s

●ooumsd thtt the plattlc etrain conttltutcs ●n
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FIGURE 3
Shear stroos ti~a for OFE

8ppr0xim4to rmprasoncation

Itruccurm, T%a Cibbs froa

accivaclun 1- ●mmwd to bo

coppar (raf. 4)

of tho inr.rnal

cnargy of chat-ml

givsn by

.1
1, (11)

●nd othor

quanti clot hava ●lraady boon dmflnod, Ua noto

chm slmilarlclot wlch Clifton’m’ ramulcm,

~qULiOnl (3).(7). ths quancicy DO repro-onto

tho dra~ Coaf:lcimnc In tho llmlc of low

dislocaclon Volocltlam ●nd 1 Ow ●PPl lad

scrammos [throughout thlc work wo wk. tha

disclncclon bctwaon unlaxlal strooo IJ and

-hoar mtroso r: e - 2?]

Lquacion (11) goos ●moothly ovor co tho

dislocation dra~ rnllme am bG - 0 A

Ilmitsclon of this ●nclymlt it that r s m

bocausc of cho mmchomacical form of Equation

(10). Variou acmmpcions #r. nmdo concerning

tha mobile dimlocacion tiruity. ●nd cho model

1s c~srod with cha crpcrinncal data ●s
nrhovn in Flguro 4 with N- - NM(r/rm) ; n _ 2

(Oolld lim) ●nd n - 3 (tichad liKu). Tha

trarultion from thermal activaclon to dlalo-

catlon drab 1s lndicatad by chm ●rrow (Flgvre

4). Additional ●xparimmnt~cion rovaals thsc

3

FIGURE L
T%oory ●nd data for OFE copptr (rof 4)

chm ●ssumption ragardlng tho Indopundcnco of

f“ on pla~tic mtraln rata 1- in ●rror, and che

data ●ro rooxamlnod in cha work of Follansboa

6
and Kock~

z~ ~

Armtrong snd Zorllll
5

hava ● lso invastl.

Catod chr transition to dlslocaclon dra~ in

copper fim ●mplrlcal rolationshlpu Include

ncrain hardening, ●trfiln.raco sftQccs, ●nd

thermal sofconlng, An ●pproalmaco dotcriptlon

of the cooplato proc~so of cranoltion to dis.

location drag 1s glvon by ● dra~.affsctod,

sdditivo chormal stroa~

●
❆

1/1
- (1/4)oth[) + (1 + 4coipT/olb) ] , (12)



●nd co, Bi, 5., ●d #1 ●rc .@rkal

constants, Fi~ra 5 #how- ● fit of tho

Amotrong-Zorilll 9001 to tha data of

Follanaboo, Ro~azconi, ●nd Koeka.
6

I I 1 I I I I 1

m - m -R
(-f= XmK!P-o15) “7 I

FICIJRE 5
Thsory and data for OFE coppor (rof, 5)

25 ~

in tho recant wotk of Follanaboa ●nd Kocka6

● naw ●aplmation for tho lncraascd rcrain.

rat. sonaitivlty of oFE copper ●t ● strain

rat. of 103 s
.1

1s put forth, Thim work

follows from chat of Follanob-a, Rogazzonl,
4

●nd Kocks and involvaa ●dditional maamurarnnc

of tho reload ctrongth of ●amplas chat have

baan proscrainad to cho SODO fin.1 strain but

●t vamtly difforonc ratas, Tho dot- show thst

tha thromhola stromm, now temd the machmric.

●l tl:ashold scraso (KM), undorRoom ● drammtlc

incroasc in hardaning rata (d?./dtp) for
.1strain ratau ●xcoodin~ 103 ● , Tho •asanc~

of the-. mmmur~mnta ●d tholr Lntorprotatlon

●r. ●hewn In FiSuro 6 in vhich two idontlcal

Somplos ●re proatralnad to 13 porcont ●t

strain rates of 10” ●-land 10.4 n .1
●nd then

roloadod ●t tho nama (10-3 a-’) •troll~ rat..

Tho difforomo In ylold stron~th for thoso two

tostm ahowm ths dlffarancc in incornal scruc-

turo producod by tho two promtrsin condicicnm;

that is, tho -toriml has ● maBory of its pant

history and tho incroaso in strain-rat. SOM1.

tivity show in Fi~ro 3 i. J result of

intorrul structural ●volution ●nd has nothing

to do with trmmitio~ to dislocation drag.

I 1 1 I
~l=?MK WT==K

160 -

i

! -

lm

o I I I
o 5 $5 20 a

PLAST&FIAW’E*ENfl

FIGURE 6
Rolomd taintson OFE coppor

In tho MTS modol tho plaotic strain rat. in

tho ●bconco of difilocmtlon dra~ 1- given by

(thomal ●ctivation only)

Jr - W. ●xP[-AC(r)/kT] , (lfI)

whar.

hC(r) - 1.6pb3(l . l(?.fa)/(fm’?,)] 2’3}, (15)

@ lS tho tomporaturo dopondont shear mdulus,
.1

Vo - 107 s , ●nd ra - 20 HPa. Tho ●volution

(16)

uhoro rI 1s ● ●aturaclor, ●troam (a function of

●train rot. ●nd tomporaturo),

U?m ●ll of tha data havo baon fit

accordin~ to thona anrn~tlorm, 40(;P) varlas

●n ohoun in FISura 7 (clrclaa) ●lonr with ●n

i



empirical fit (molid lina) ●m givsn by

Oo(kbar) - (1/2)[23.90 + 0.12 in ip(s-l) + 3.6

~ lo”’~p(s-l)l . (17)

Th.so rosulta do not mm that transition

to dislocation drag &s not occur ●t S-

point, only that prmvioux intarprotations of

th data ●hewn in Flgurm 3 are duo to othr

factors.

FIGURE 7
Rato.dapandont hardming in GFE coppor

Follanrbao9 has rmlnvostigated tho lnfluoncs

of dlalocation drag on tho hl~h-strain.rate

rosponso cf coppar usinS tht HTS mod.:. -O

avorago dislocation voloci:y in ~lvon by

.1
; - Luo(ap[AG(?)fiT] + be/V(?)) , (18)

vhoro AG ia glvon by Equation (16) ●nd v(?) 10

given by Equation (6) plus a Taylor factor.

John#on ●ndTonkxl” ●ppllad Cquation (18) to

axparimancal data on ●hock rioo tlmos in

coppar ●nd concludad (am did Cllfton2 for

6061 .T5 ●lumlnu9) that tho ●pproah4tely

llmar dapandm.s of v(r) 1- incapabla of

rcpraoonting the rapid incroaaa in retrain rate

●m ● function of impact strooo, Follanabo411

ham baon oxamlnin~ this quoatlon in tormm of ●

strast.dopondol~t ●obllo dimlocatlon density

2.6. ~

Tonks ●nd Jolwuon7 conxidor tho proble= of

transition to dislocation drag in term of the

n’rs modxl. Shear ●tramm, plastic strain, ●nd

plastic strain rat. data ●ro ●xtractad from

3.0. and 5.h-GPa shock wavoa in OF’S coppar.

Thin rasultad in ● now fit to tho @(ip) tits

of Figuro 7 as providod by Follmsb@c:
12

#o(kbar) - (1/2)[23.707 + 0.08295 in ip(a”l)

+ 0.03306 ~ip(s-l)] . (19)

Uhn into~~mtad through tha ●crmin.rata

history of tho 3.0- ●nd 5.6-CPm shock wavao,

Equation (19) ylalds final flow ●troasaa con-

sistent with tha shock data ●m WO1l ●s with

the inr.amodiato strain.ratt data of

Follanxboa ●nd Kocks:
6

Fitura 0.

100 I ! 1

‘o 2 3

PLASJTlkAIN(PCRCW)

FIOURE O
Shear ●traam nnd ~S ●volution in ●hock
coopraoalon

3 TRANSITION TCI DISMCATION DRAG IN COPPER

As ● mxana of ●stiwtInS conditions under

which transition fr~ thtmal activation to

dislocation drag occurs in coppor, wc not.

that vhcn cho tharmsl-activation waltin~ tlma

●nd tho run tiw botvcon obstsclos ●re

●dditive, ●n in th- dovolopmcnt of tho modrln



dascribad hcra, tha plamtic strain rata dua to

both procomaom occurring ●imultmaoualy can ba

written ●s

P
i = [(Vi~) + (l/?%) ]-’ . (20)

Horc ●heriptn c and d rafor to charmal

●ctivation ●nd drag, rospoctivaly. Tonka and

Johnnon7 obscrva that the 3.0 . ●nd 5.k-CPa

shock.wavas ara ●lmoot antiroly in tha drq

raKha. Tha following is an ampirical fit to

tha 3.0-CPa &t* [units; s-’ ●nd GPa]:

P
id - 10d(r - hcp)g(cp+ a~)c , (21)

wiwro d- 10,75:. h - 1.55 cPa, g - 2.072, ~P

- 0.0001, and c - 1.09. Thoraal ●ctivation

dominatos tho deformation procoss whan ;! < ;:

●nd drag dominatas when chm inequality nign io

rovarmed. Honco tho boundary bstwaan thm cwo

resions 10 givan by

(22)

.P
whora cd in givan by Equatiol, (21), ~! 1s

Siv*n by Eq~tion (14), ●nd to(;p) lG glvon by

Equation (19), Thifi Slvoa tha bountiry

botwaan tho thermal ●ctivation and dislocation

drag ragimas ●s shown in Figura 9 for flow

pathm at constant plastic -train rata.

l%. rowlta chow in Figurm 9 indlcst~

that dislocation draS i- imp.~rtant only at lW

plastic scraina and hl@ plastic strain rauas.

As cho plaotlc ntrain rat. dacroasoc, it is

found that cho boundary bctwolln tho two

roSimaa movoo tloaor to cha 4P - 0 ●xis.

Uncortaintlas in tha vmrioua functiorul form

us-d in tho calculation daflnad by Equation

(22) do not S11OW us to d.tarmlnc +othmr

dislocation drag pornlots ●t ip - 0 ●nd
4 .1

intormadlato o~rain rats- (<10 t ).

o~~
4 s e 7

Iog,otp (s”’)

rIcun.E 9
normal ●ctivation ●nd dislocation drag
rm~imaa in OFE copper

4. DISCUSSION

Ua have combinsd shock.wavo data in tha

fora of Equstion (21) with intarudiata

●train-ratm data for copper in ordar to

datamina tho boundary botwcon chorma 1.

●ctivation-dominatad and dlolocacion-drag-

domlnatad plastic flow in OFE coppar,

A uniquo docarminacion of chc trantitlon is

conplicatod by cho path.dopondant nature of

cha HTS nodal (abovo). Am polntod out in

Sactlon 2.5, OFE coppor has ● mmo~ of its

paat hincory throu~h ●volucion of rm. This

problam does not occur for •impl~ rata -

dapondont (but path.indapondant) cormcitutlve

daocriptionn: Equation (21) ia ●n ●aampl~ of

thim typo &f daocription. Hardening ru~on for

~ tharul ●ctivation ●nd vlncoua drag which

tipand only on tho amount of plastic otraln

chat has bocn ●ccmlatad to that paint pro-

vida unlqua intorprmtatlon of cha transition

from thamal ●ctivation to vlacoua drag, but

may ● ian ●on of tha nubLlar ●nd mort

Intoroacing ●spacto of dynaaic ucorlal

bahavior.

Tha qucatlon of which typo of daocription

iB ‘bact” dapond~ on factors such ●s roqulr~d

●ccurmcy, path variation, ●nd ●vallmble tlmc

ronolutlon. fill. path-dapondant wdalm ●ra

7



undoubtedly moro ●dvmcod mnd moro intarascing

they can ●lso ba ●omewhat mora d~=ficult to

ume.

Tonks13 Fm obtained empiricsl fits to

weak-chock deem for othor solidm (Al, Be, F.,

stainlese steel, U, mnd V) ueing the an41ysis

of Uallace14. fiese dmce ●re presontsd in

tabular form with shear stress and plastic

ntrain ●s functione of the throu@ the shock

f rent. This ●llows roeaarchero to fit the

dmcs with whatever mo~l they think in

●ppropriate. Tonks providas fits to thaee

deta in the form of Equmtion (21)

Thie collection of weak-chock data can bs

used to detarmina transition from tharmal

●ctivation co dlmlocation drag in utarials

other than OFE copper, ●s incermadiatm strain.

rata data for thena mecerials ba c ome

●vsilable,
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